Introduction
The quest to discover novel antigenic targets for the differential diagnosis of active and latent tuberculosis (TB) presents a challenging task. Although efforts are manifold and performed on a global scale, biological markers derived from Mycobacterium tuberculosis that can precisely distinguish between the various stages of M. tuberculosis infection and disease remain elusive. 1 Several field-based studies published in recent years have indeed provided valuable information while enriching the knowledge base pertinent to TB immunodiagnostics and clinically relevant immune responses. 2, 3 Nevertheless, predominant factors, such as geographical setting of the study locations, socio-economic status of the study populations, and risk and rate of exposure to various strains of M. tuberculosis therein, in addition to the intricate biology of the pathogen itself, inevitably represent confounding factors. 4 In this regard, multiplatform analysis of immune responses in patients with TB, as well as individuals harbouring latent TB infection (LTBI), has initiated great interest due to the wealth of information made accessible to the global TB community. 1 Identifying specific M. tuberculosis-derived antigenic determinants of adaptive immune responses (orchestrated by T-and Bcells), especially in individuals with LTBI, is clinically relevant since it will impact on patient treatment regimens. Due to the immense volume of data that is subsequently generated, stringent quality control measures are required in order to obtain a more true-to-life picture of pertinent immune responses.
M. tuberculosis epitope mining of 12-mer linear peptides derived from M. tuberculosis antigens, displayed on a microarray slide, has been reported previously. 5 This technology is based on the recognition and binding of antigen-specific human serum IgG to the respective cognate epitope. Differential antigen recognition patterns were observed between patients with pulmonary TB and healthy individuals from Armenia. 5 This method was further validated using soluble human leukocyte antigen (HLA) class II molecules, which could form complexes after binding to their respective peptides (derived from 61 different M. tuberculosis proteins) on the slide, thus providing additional information on the allelic restrictions for HLA-based presentation of immunogenic M. tuberculosis epitopes to CD4+ T-cells. 6 Three M. tuberculosis proteins first discovered to be immunologically relevant using this platform were evaluated among Honduran TB patients and healthcare workers exposed to M. tuberculosis, 7 as well as
Belarussian patients with pulmonary TB. 8 The present study group is currently evaluating all three proteins as vaccine candidates in preclinical studies. In this study, the serum antibody responses of patients with pulmonary TB from two different geographical regions with a high disease burden (Africa and South America) were evaluated using the peptide microarray platform. The recognition of specific M. tuberculosis epitopes in patients with active TB (TB + ), as well as those without clinical disease (TBÀ), was assessed to generate an overall humoral immune response landscape. This information allowed the exact epitopes of immunogenic M. tuberculosis antigens that elicit measurable immune responses to be uncovered for the first time, and furthermore, the pattern of this response in health and disease, using immune recognition surfaces, by describing the chemical composition of antibody recognition independent of the biological nature of the respective M. tuberculosis antigen.
Materials and methods

Study subjects
Serum samples were provided by the Public Health Research Institute (PHRI), New Jersey, USA, and stored at À70 C. Volunteers (TB patients and healthy individuals) classified under two geographically distinct cohorts were involved in this study: Africa (n = 228) and South America (n = 139). After matching by age and sex, only 120 patients (30 individuals per cohort) were included in the final analysis. The cohort description is provided in Table 1 .
Slide production, scanning, and analysis
The peptide arrays were custom-manufactured by JPT (Berlin, Germany) as reported previously. 9 Slides consist of three identical sub-arrays, each with 6720 spots arranged in 16 blocks of 420 spots. Of the 6720 spots, 485 are negative 'empty' control spots, 271 are positive control spots (144 peptide controls, as described in Ngo et al. 10 ), and 5694 are unique peptides generated from 154 M.
tuberculosis proteins (listed in the Supplementary Material, Table S3 ) as 15-mers overlapping by five amino acid residues. Sera were diluted 1:100 in 300 ml buffer (phosphate buffered saline (PBS), 3% foetal calf serum (FCS), 0.5% Tween 80; Sigma Aldrich, St Louis, MO, USA) and added to microarray chips for 16 h of incubation in a humid chamber at +4 C. The slides were then washed with buffer twice and sterile distilled water three times.
This was followed by secondary incubation with 300 ml diluted (1:500) Cy5-labelled mouse anti-human IgG monoclonal antibody IgG secondary antibody (catalogue number 6561-100; Abcam, UK) for 1 h at room temperature (RT) and then washing as before. The slides were then spun dry in a slide centrifuge (DJB Labcare, Newport Pagnell, UK). Each slide was scanned with the GenePix 4000 B microarray scanner (Molecular Devices) at a wavelength of 635 nm, and the resulting images were saved in high-resolution format. Image analysis was performed using GenePix 7.0 image analysis software (Molecular Devices) and the GenePix Array List (GAL) file with the peptide location information for each spot as supplied by the manufacturer (JPT, Berlin, Germany). The detectable spots not internally uniform were flagged as 'bad' (i.e., unreliable). This is efficiently estimated using the following criteria (described in detail in Perez-Bercoff et al. Data mining and statistical analyses Software All of the methods described here were implemented using the open source R language and packages from Bioconductor project.
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Data pre-processing GenePix results files were read and an R dataset was created. Digital images of background and foreground intensities were produced for every sub-array to detect and exclude potential signal artefacts. Signals were corrected for background noise by computing the index value (log2 foreground/background 14 ) . All spots or areas not representing a high quality signal were not analysed. Further quality controls included scatter plots (index vs. log2 background) for each slide to remove outliers and abnormal values and also scatter plots (average index vs. average log2 background) for all slides in each group to address the efficacy of the negative and positive controls. A detailed control of flag distribution proportions (À100, À75, À50, 0) was done for the whole dataset and separately for each group analysed. Potential false-positives were identified 14 : all spots showing a response on the buffer plus secondary antibodies slides were labelled and removed from the analysis.
Normalization
The normalization process was performed separately for each geographical group (Africa and South America) using the linear model described previously 9 : I = slide i + subarray j + block k + e, where I is the measured intensity; slide i is the slide effect, i.e., the portion of the signal intensity due to the presence of the spot on the slide i; subarray j is the sub-array effect, i.e., the portion of the intensity due to the presence of the spot at one of the sub-arrays in the slide; block k is the block effect or the effect on the intensity due to the position of the spot in one of the blocks in the sub-array; e is the residual, composed from biological interaction and slide and subarray interaction (slide i * subarray j ). Data were fitted into the linear model and the estimated slide, sub-array, and block effects removed. The quality of the normalization was assessed by visual inspection of the normalized data plot in all of the study groups.
Differential recognition
The differential recognition was performed using the empirical Bayes moderated t-statistics function contained in the R/Bioconductor package limma. 15 Peptide p-values were adjusted using the Benjamini-Hochberg method (control of FDR (false discovery rate)) available in the same package. For the African cohort, the data first underwent a filtering procedure to reduce the heterogeneity within groups. Peptides with very high coefficient of variation (CV) within groups or very low CV between groups did not enter the analysis. Group outlier slides (top or bottom 5% of the cohort) were also removed from the differential recognition analysis.
Pept3D: surface regression and three-dimensional visualization
The normalized data were visualized on a three-dimensional (3D) surface according to different methods ( Figure 1 ). The base functions are BP3D, Pos3D, and additionally Diff3D, and provide base coordinates for surface plots based on (1) amino acid characteristics (i.e. bulkiness/polarity plot, Figure 1a) ; (2) the peptide response along ranked proteins (i.e., proteins plot, Figure  1b) ; (3) the surface of the difference in the immune response between either (1) or (2), respectively. For each of these functions, an R script was produced and made available in the package Pept3D (downloadable at http://ki.se/en/people/davval). (Table S1 ).
Relative peptide polarity ðRPPÞ ¼
where p i is the polarity value of the i th amino acid in the sequence (the polarity scale of Grantham 17 was chosen), p MAX is the Figure 1 . Visualization of the 3D plotting methods for (a) the bulkiness-polarity plot, and (b) the protein plot.
maximum theoretical polarity value (13.00, from aspartic acid), and n is the number of amino acids in the peptide sequence (values are provided in the Supplementary Material, Table S2 ).
The values of peptide relative polarity, relative bulkiness, and normalized signal intensity are then plotted on a 3D graph as x, z, and y coordinates, respectively, using a non-parametric smoothing regression technique and surface plot provided by the R function sm.regression, included in the package sm. 18 The drawn surface is coloured according to the values of the y-axis (signal intensities).
Pos3D. Complete amino acid sequences of the source proteins for the peptides (based on Uniprot and NCBI protein identifiers/ accession numbers) were retrieved using the R function getSeq in the package annotate in the Bioconductor project. Protein identifiers are usually provided by the slide manufacturer. The start and end positions of each peptide along the amino acid sequence of the corresponding protein are determined, followed by computation of the percentile of the protein sequence marking the centre point of the peptide. The source proteins are then ranked and numbered according to their biological function in relation to immunological significance (Supplementary Material, Table S3 ). The default ranking system is based on alphabetical ordering of the adopted protein reference code (i.e., accession number), but users can specify their ranking system of choice. Next, the peptide centre points (x), corresponding protein rank numbers (y), and the normalized signal intensities (z) are plotted in the 3D graph using the sm.regression function as for BP3D. In addition, the smoothed regression bi-dimensional curve for a specific selected protein can also be plotted (Plot2D function).
Diff3D. This additional function allows the difference in the immune response of two individuals (or groups) in two different clinical conditions, or one individual at two different time points, to be estimated and this information to be plotted according to the coordinates obtained from the BP3D and Pos3D methods described above. This is done by computing the relative peptide difference (RPD) between two vectors of peptide intensities, x and y:
Relative peptide difference
where x * and y * are computed as:
in order to always have positive input values for the relative differences computation. The original normalized values may in fact be negative, since they are calculated as residuals from the fit of the linear model described above. In addition to this, the computed RPDs may have extreme outliers, which, as experimentally verified, can decrease the readability of the plot by adding isolated spikes on the surface. The function thus includes an outlier detection and removal procedure, where the user can specify the borderline value for the detection through a k parameter (how many times the interquartile range has to be distant from the upper or lower quartile). The RPDs are then plotted according to the desired set of coordinates, computed by either BP3D or Pos3D.
Detection of IgG in patient sera using high-affinity human IgG ELISA Streptavidin-coated 96-well plates (Thermo Fisher, MA, USA)
were adsorbed with 1 mg/ml of biotinylated M. tuberculosis peptides prepared in PBS (Table 2 ). An 8-point serial dilution (1:2 ratio) of recombinant human IgG standard (Sigma Aldrich) was prepared from a 15 000 ng/ml stock solution in PBS, and each dilution was added in duplicate to the assay plate. The plates were incubated for 1 h at 37 C and washed thoroughly with PBS-0.05% Tween 20 (PBST20) buffer, followed by blocking with assay buffer (PBST20 + 0.1% bovine serum albumin (BSA)) at RT for 1 h. After washing with PBST20 buffer, serum samples diluted at 1:100 in assay buffer were added to the assay plate and incubated at RT for 2 h. After washing the plate with PBST20 buffer, alkaline phosphate-conjugated anti-human IgG detection monoclonal antibody (Mabtech, Stockholm, Sweden) diluted at a ratio of 1:1000 in assay buffer was added to all wells, followed by incubation for 1 h at RT. The assay plate was washed with PBST20 buffer post-incubation, followed by the addition of the substrate solution (p-nitrophenyl phosphate tablets (PNPP; Thermo Fisher, MA, USA) dissolved in 1 Â diethanolamine substrate buffer (Thermo Fisher, MA, USA)). After incubating the assay plate at RT in the dark for 20-30 min, the enzymatic reaction was stopped with 1 N NaOH, and the optical density measured at 405 nm using a VMax Kinetic ELISA Microplate Reader (Molecular Devices, CA, USA).
Results
Differential recognition analysis
Peptide microarrays revealed differential recognition of M. tuberculosis proteins by serum IgG in TB patients and healthy individuals from two regions comprising high-burden countries for TB, namely Africa and South America. 19 Based on initial screening with the peptide microarray platform, geographical location represented a major confounding factor, and the differences in peptide recognition between TB+ and TBÀ individuals were much more evident after data stratification by the geographical area. The peptide microarray differential recognition Table S5 ).
Pept3D immune recognition surfaces Protein curves
The Pos3D curves for peptide-specific IgG responses spanning entire M. tuberculosis protein sequences in African TB+ and TBÀ individuals are shown in Figure 2 ( Figure 2A and B) . A common response pattern was found to exist between the TB+ and TBÀ groups, respectively; i.e., peptides belonging to the first half of the ranked proteins (vicinity of PPE45-PPE55) elicited more robust antibody responses than the second half (Supplementary Material, Table S3 ). Although not strikingly visible, some differences were present and detectable in the corresponding Diff3D curve of the relative differences between the two groups. A marked difference in response was detected at the very beginning of the Figure 2 . Immune response surface for peptides across proteins in African TB+ and TBÀ individuals (a and b), and surface analyses recognition differences (c).
ranked protein list, corresponding to the first set of PPE proteins. Other 'hotspots' of recognition were present in the second part of the ranked protein list, particularly.
As a paradigm, two-dimensional (2D) curves were created for some of the proteins relative to the peptides identified with the differential recognition analysis (Figure 3) . The peptide values were reported alongside the smoothed regression curve, thus highlighting the significantly differentially recognized peptides. All of the differentially recognized peptides with limma analysis corresponded to the highest (or lowest, when poorly recognized) peaks of the curve illustrated using this model.
The immune recognition surfaces for the South American cohort reaffirmed that the IgG response profiles of TB+ and TBÀ individuals, respectively, between the two cohorts were generally similar, although the South American individuals appeared to mount an overall more intense response compared to their African counterpart groups ( Figure 4A and B) . Differential peptide recognition between South American TB patients and healthy individuals revealed more robust responses by the former group to the PPE, as well as the other M. tuberculosis peptides tested, compared to the African TB patients ( Figure 4C ).
In addition, 2D plots of the peptides identified with the differential recognition analysis in the South American cohort emerged at the highest peaks in the curves ( Figure 5 ). 
Bulkiness-polarity 3D curves
The humoral immune response landscape based on biochemical characteristics of the peptides (protein bulkiness and polarity dependent on amino acid composition; Supplementary Material, Tables S1 and S2) was constructed for both the African and South American cohort (Figures 6 and 7) . This visualization clearly identified a characteristic shape: among TB+ and TBÀ individuals in both geographical groups, the immune response landscape showed that with increasing protein bulkiness (and to some extent with decreasing polarity À thus increasing molecular complexity), the response becomes less pronounced ( Figure 6A and B, Figure 7A and B). Conversely, the immune response landscape of TB+ patients compared to TBÀ individuals in both cohorts (Fig. 6C and 7C ) indicated enhanced recognition with increasing molecular complexity and diminishing polarity. Thus, TB patients are more likely to mount a stronger response to more complex protein antigens.
Antigen-specific serum IgG ELISA Four differentially recognized peptides per cohort (one peptide per protein, in total eight peptides representing eight proteins) were selected for high-affinity human IgG ELISA, which detects the presence of antigen-specific IgG antibodies in serum (Table 2) . Contrary to expectations, no significant differences in recognition of the eight M. tuberculosis peptides were found between patients with TB and healthy individuals (Supplementary Material,  Fig. S1 ). However, it was striking to notice that antibody recognition of PE-PGRS41 by TB patients from South America was more pronounced than that of ESAT-6 (early-secreted antigenic target 6 kDa) (Supplementary Material, Fig. S2 ). In the African cohort, the strongest serum IgG reactivity was found to be directed against rpoB (RNA polymerase b-subunit), between patients with TB and healthy individuals alike. Other antigens tested for in this cohort were PPE32, PPE2, and trxC À all with implications in mycobacterial stress resistance.
Discussion
Previously, the detection and quantification of antigen-specific antibody responses in a given clinical condition was obtainable only via single-plex ELISA (antibodies specific for only one antigen), which is both cumbersome and time-consuming. Peptide microarrays enable the assessment of the entire expanse of an individual's humoral immune response to a given pathogen, or mutated self-antigens (such as in cancer) on a single chip. Additionally, results from peptide microarray studies reveal the various epitopes that are most commonly recognized by individuals as a means to provide 'hotspots' of immune recognition and epitope focus in a specified clinical context. This warrants faster data turnover, as well as accurate fishing of relevant antigenic targets for further validation. The necessity to provide open access to source software tools for applying the methods used in this study is evident.
The curves produced using the Pos3D and Diff3D methods have been introduced briefly in previous studies. [20] [21] [22] Detailed descriptions of these methods are provided here for the first time, and the 2D representation of data is introduced. In addition, a novel method based on amino acid biochemical characteristics (bulkiness and polarity), BP3D, is presented. These biochemical characteristics of the M. tuberculosis peptides shown in the 3D and 2D curves directly influence the likelihood and frequency of recognition by serum antibodies À reflective of antigen processing and presentation in the host. The proposed methods therefore give a 'photographic snapshot' of the immune response of an individual (or groups of individuals), as well as the variation between tested conditions (in this case, TB+ and TBÀ individuals, although the application of these methods stretch far and beyond). In addition, they can aid better visualization of the results obtained with other peptide analysis techniques for a better appreciation of the immune response and heterogeneity therein. This method captured the underlying biology reflected in humoral immune responses to M. tuberculosis antigens in two different continents, while acknowledging that the results observed are jointly influenced by a high number of factors, i.e., genetic differences, environmental pressure, socio-economic status, and co-morbidities, to name a few.
To the best of the authors' knowledge, this is the first time that 'peptide-level' information has been combined with 'protein-level' information to allow an insight into humoral immune responses not only to isolated sub-protein spots (single epitope), but across the entire protein molecule. Although the 3D structure of an antigen is important for its activity and recognition by the immune system, visualization of the peptides within a protein that evoke specific antibody responses in various clinical scenarios promises a wealth of information for vaccine development and diagnostics. In addition, the peptide microarray platform allows the detection of molecules that undergo conformational changes specific to disease conditions such as in prion disease, as well as mutated neoantigens in cancer. 23, 24 Moreover, for the first time, a different view of peptide microarray results relative to their biochemical characteristics is proposed. The amino acid sequences in antigenic epitopes dictate their polarity, thus affecting their processing and presentation to T-cells, as well as binding to antibodies. For example, the presence of glutamine and glutamic acid in epitopes reduces their affinity for antibody binding, while an abundance of tyrosine and tryptophan have the reverse effect. 25 Furthermore, epitopes with a higher antibody binding ratio are more likely to activate the major histocompatibility complex (MHC)-I and MHC-II pathways, allowing concerted T-and B-cell responses. 25 Therefore, the polarity of antigens may potentially influence the clinical relevance of ensuing adaptive immune responses in the host. A summary of the eight M. tuberculosis proteins that were differentially recognized by TB patients in the African and South American cohorts is provided in Table 2 . The antibody responses directed against these M. tuberculosis proteins are of important clinical significance, since they may protect against or perpetrate pathology in TB. In terms of mycobacterial physiology, M. tuberculosis H37Rv constitutively up-regulates PPE2 gene expression when subjected to various physicochemical treatments. 26 Also, murine macrophages infected with PPE2-deficient M. tuberculosis CDC1551 were able to generate more nitric oxide compared to their wild-type counterparts. 27 Gene expression studies with M. tuberculosis H37Rv revealed that PPE32 was highly expressed upon treatment with hydrogen peroxide for 40 min, as well as in the stationary phase of growth. 28 In addition, sodium dodecyl sulphate treatment of M. tuberculosis H37Rv also induces PPE32 expression. 29 PPE32 expression was up-regulated in PhoPQdeficient M. tuberculosis H37Rv during in vitro growth in medium with limited Mg 2+ supply. 30 Therefore, current evidence suggests that the PPE proteins may play a role in the stress response and intracellular survival of M. tuberculosis within macrophages, although this hypothesis requires further investigation. Proteins belonging to the polymorphic CG-repetitive sequences (PGRS) family have been used as beacons for molecular epidemiological studies performed on clinical isolates of M. tuberculosis.
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PE_PGRS41 gene expression has been linked to regulation by the PhoPQ system, thus pathogenicity, 30, 32 and shares 67% identity with PE_PGRS81 across 98 amino acids at the N-terminus. 33 Importantly, PE_PGRS81 (Rv1759c) has been associated with the ability to bind fibronectin, 34 and was first discovered with an antibody that recognizes the Mycobacterium bovis antigen 85 complex, the best-described mycobacterial fibronectin-binding protein. 33 The mycobacterial capsular protein EspE has been reported to facilitate M. tuberculosis interaction with the host macrophage, and subsequent down-modulation of proinflammatory cytokine release. 35 EspE was also found to be closely associated with humoral immune responses in patients with active cavitary TB. 36 In addition, EspE is associated with the Esx-1 protein transport system of M. tuberculosis, the same apparatus responsible for CFP-10 (culture filtrate protein 10 kDa) and ESAT-6 secretion. 37 As such, EspE could potentially be evaluated as an immunological target. ESAT-6 is the most immunologically relevant and best characterized protein listed in Table 2 , and also exhibits poreforming properties in addition to being involved in granuloma formation in the host. 38 Since ESAT-6 is enriched for human T-cell epitopes and is not encoded by the bacille Calmette-Guérin (BCG) vaccine, it is used in standard LTBI immunodiagnosis. 37, 39 In addition, several TB vaccine candidates incorporating full-length ESAT-6 are presently in various stages of clinical evaluation. 40 This is the first study to present thioredoxin C (TrxC) as an immunologically relevant M. tuberculosis target, although its involvement in mycobacterial detoxification mechanisms has been reported previously. [41] [42] [43] 47 This likewise applies to TB43, whose role in M. tuberculosis cell wall maintenance is already known, 44, 45 and rpoB, which has long been used as the genetic marker for M. tuberculosis resistance to rifampicin. [46] [47] [48] Further studies are required for validation of these proteins as legitimate biomarkers. It is also acknowledged that a majority of the peptides observed in the 3D curves require detailed characterization in the context of host-pathogen interaction, as well as their role in the course of clinical TB. The description of biochemical properties in antibody recognition allow for data mining for non-M. tuberculosis-related proteins, yet exhibiting similar biochemical properties, i.e., the induction of heterologous immune responses.
In conclusion, the immune response landscape in a cohort offers the unique opportunity to obtain a global view of the differential recognition of antigenic peptides by antibodies. This general picture can be used as a guide to 'cherry-pick' nominal antigenic targets occurring within hotspots of recognition for further validation. The selective immunogenicity of some peptides over others, derived from the same protein, can be determined from the 3D curves presented in this study. This information does not only enrich our knowledge of the host-pathogen interaction, but can be equally instrumental in basic and clinical research, stretching from primary evaluation of peripheral immune responses to large-scale immune-monitoring during clinical trials and anti-TB therapy. Analysis of the humoral immune landscape allows the objective identification of complex antibody recognition patterns.
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